Abstract Although trials with anti-seizure drugs have not shown anti-epileptogenic or disease-modifying activity in humans, new compounds are on the horizon that may require novel trial designs. We briefly discuss the unique challenges and the available options to identify innovative clinical trial designs that differentiate novel anti-epileptogenic and diseasemodifying compounds, preferably early in phase II, from current anti-seizure drugs. The most important challenges of clinical testing of agents for epilepsy prevention include having sufficient preclinical evidence for a suitable agent to proceed with a human trial of an anti-epileptogenic drug, and to demonstrate the feasibility of doing such a trial. Major challenges in trial design to assess agents for disease modification include the choice of suitable study parameters, the identification of a high-risk study population, the type of control, the time and duration of treatment, and a feasible follow-up period.
Introduction
Although approximately 70-80 % of humans with new-onset epilepsy eventually enter sustained seizure remission during treatment with current anti-seizure drugs (ASDs) [1, 2] , important, unmet needs exist in the drug treatment of epilepsy, including the development of more effective and safer ASDs [3] . Currently, we have no drugs that, when administered to patients immediately following brain insult for a limited time period, have been shown to have anti-epileptogenic activity after washout [3] . Although, in its broadest definition, antiepileptogenic activity will prevent or reduce the long-term consequences of the insult, including the development of epilepsy, drug-resistant epilepsy, neurodegeneration, and cognitive or behavioral alterations [4, 5] , we will limit our discussion on preventing epilepsy in this article. In addition, we need diseasemodifying agents in the treatment of established epilepsy [3] . Disease-modifying compounds, when given for a limited time period in patients with established epilepsy, are able to alter the long-term development or progression of the disease after washout. The scope of disease modification includes effects on the underlying pathophysiology, the natural history or the severity of the epilepsy, the development of pharmacoresistance, neurodegeneration, and cognitive or behavioral alterations in the course of the disorder [6] . Here, we will focus the effects of disease modification on seizure outcome.
Although past trials of available ASDs have not shown anti-epileptogenic or disease-modifying activity in humans [7, 8] , there is hope. Our understanding of the mechanisms mediating epilepsy development has grown substantially over the last decade [6, 9] , offering the opportunity to discover and develop anti-epileptogenic and diseasemodifying drugs for the future. In this article, we briefly discuss the unique challenges to identify innovative clinical trial designs that differentiate novel anti-epileptogenic and disease-modifying compounds, preferably early in phase II, from current ASDs.
Lessons from Epilepsy Prevention Trials Using ASDs
A large number of clinical trials have been performed over the last 2-3 decades dedicated to determining whether > 15 ASDs are both safe and effective for treatment of seizures in patients that already have developed epilepsy. The regulatory requirements for approval of ASDs has been well established all over the world, although there is still some room for re-evaluation and modification of these protocols, especially for the indication of these drugs as monotherapies [10] . At most levels, the development of new drugs for seizure suppression can be called a moderate success; we have a number of new agents that are less toxic and better tolerated than many of the older generation ASDs [3, 11] . But, despite all the advances in this domain, about 30-40 % of patients with epilepsy continue to have seizures and suffer from some of the common "comorbidities" connected to chronic epilepsy, such as cognitive issues, memory problems, and depression. In addition, for many patients, even for those who become seizure free, their ASDs are not without bothersome side effects.
The story is very different for anti-epileptogenic drugs. First, we start out with no "older" drugs that are effective (even partially) that we are attempting to improve upon. Second, there have been, until very recently, no animal models in which successful seizure prevention has occurred upon which to build a platform for drug screening. Third, until the last 10-15 years there has been very limited basic or clinical research in this area, and even now there is no on-going clinical trial of an agent to prevent epilepsy after any of the many identified high risks.
That's not to say that there have not been many years of clinical trials that focused on preventing epilepsy. Almost all of these utilized already established ASDs with the hypothesis that the initial precipitating risk produced a condition in which "small" seizures occurred and that, if left untreated, these "small" seizures or some hyperexcitable facsimile of such, would produce increased excitability that ultimately resulted in clinical epilepsy, some of which would be "intractable" for conventional anti-seizure therapy. Thus, the argument went, suppressing the early seizures or seizure-like events would prevent the later epilepsy. It was also recognized that epilepsy might be prevented if the brain injury associated with a given risk, for example stroke, traumatic brain injury (TBI), or status epilepticus, could be significantly reduced, and it was hypothesized that some anti-seizure agents, especially those that were also highly sedative, might prevent brain injury by other mechanisms.
It must be realized that part of this rationale was also based on a lack of other hypotheses about epileptogenesis that might have pointed to other neurobiological phenomena that resulted in epilepsy, and also because many efforts in the ischemia and TBI fields to produce neuroprotection had failed.
For the purposes of this review, we will not consider trials that attempt to prevent provoked seizures, such as those occurring in young children with high fevers (febrile seizures) or those after alcohol withdrawal. Most would consider such studies as not part of anti-epileptogenesis, and are reviewed elsewhere [12] .
Attempts have been made to prevent epilepsy after TBI and craniotomy, or in the presence of brain tumors or cortical dysplasias. Most of the studies have been relatively poorly performed by current clinical trial standards. They involved relatively few patients, had poor (or no concurrent) controls, were not blinded, and the participants may not have been randomized. In addition, in some of the blood levels in the trials were not monitored, so compliance with the medication regimens was uncertain. There are several exceptions to this, and these will be highlighted in the ensuing discussion.
The development of epilepsy after TBI has been best studied. There are 13 clinical trials of epilepsy prevention after TBI listed in a comprehensive review by Temkin [13] . The number of participants range from 49 to 404. Five studies used phenytoin (PHT) alone, 5 used PHT and phenobarbital, and 1 each used phenobarbital, carbamazepine, or valproic acid. Only the 2 performed at the University of Washington (1 PHT [14] and 1 valproic acid [15] ) were randomized, double-blind, controlled trials, and these were the 2 trials with the largest number of enrolled participants. Neither of these trials was able to identify an anti-epileptogenic effect. A number of the early studies purported to show positive effects of phenobarbital and PHT, but more recent randomized controlled trials (RCTs) have demonstrated no useful effects [14] and even suggested that there were additional cognitive side effects associated with these treatments [16] . Similarly, the 1 well-performed RCT with valproic acid also failed to show any beneficial effect [15] .
The 2 recent RCTs performed at the University of Washington illustrate how these trials are performed in the most careful and statistically rigorous forms. Participants with moderate TBI that were judged to have a ≥ 20 % risk for developing late epilepsy were randomized to active treatment or placebo within 24 h of injury and loaded with the appropriate drug with serum concentration monitoring. Participants were followed for 2 years after TBI. The results indicated that PHT reduced early post-TBI clinical seizures (as had been demonstrated by other studies), but did not prevent the development of subsequent epilepsy [14] . In fact, more participants in the PHT group developed epilepsy than in the control group. As continuous electroencephalography monitoring was not performed, the development of early subclinical seizures in the 2 groups could not be compared.
The second trial using a very similar protocol was performed comparing 1 or 6 months of valproic acid therapy with 1 week of PHT followed by placebo. Again, the results showed no antiepileptogenic effect [15] .
The earlier studies discussed in Temkin's review [13] using either phenobarbital or carbamazepine did not demonstrate statistically significant positive effects, even when performed less rigorously than those discussed earlier. Similarly, the study using a combination of phenobarbital and PHT was not as rigorously performed, and although it appeared to show a positive effect, it was not statistically significant.
Thus, both very well-performed RCTs and less rigorously performed studies failed to demonstrate anti-epileptogenic effects of these "older" ASDs. Similar negative results were seen in epilepsy prevention trials after craniotomy, even when the drugs were given before surgery, and in patients with brain tumors who were treated with either PHT or valproic acid before experiencing seizures.
The conclusion from the meta-analysis of trials employing ASDs to prevent epilepsy is that none of these treatments has been demonstrated as positive. This does not prove that these drugs would be ineffective under other circumstances, such as earlier or more persistent treatment, different doses than are commonly used for seizure suppression, closer attempts at ensuring compliance with frequent blood tests, and so on. However, the overall impression in the field is that PHT, phenobarbital, carbamazepine, and valproic acid are not useful for clinical anti-epileptogenesis.
There were many problems identified in these studies that could prove useful in the future. First, the lack of good preclinical data on a successful anti-epileptogenic treatment in any animal model is very limiting. Second, there is significant lack of knowledge about the process of epileptogenesis and this limits the choice of appropriate drugs to try in the clinic. This also limits rational decisions about how quickly after the initial precipitating event treatment needs to be started, how long to treat, and what to do about nonclinical seizures that might be occurring that are not detectable without electroencephalography monitoring (or better, prolonged ambulatory intracranial monitoring). Biomarkers that may be used to monitor epileptogenesis and the effects of therapy are also lacking so that prolonged studies with careful long-term follow-up are needed.
Many well-established precipitating causes of epilepsy also produce additional brain damage and it is critical to make sure that any anti-epileptogenic treatment does not hamper recovery of function after the damage. Thus, careful functional, cognitive, and behavioral testing needs to be performed during the trial in addition to monitoring for seizures. This adds quite a lot of additional expense, as well as additional difficulty of maintaining patients in the study.
Designing a good clinical trial for seizure prevention is not impossible, but it may be more difficult than disease modification in epilepsy (see below), and it is more difficult than comparable prevention or disease modification trials in other important neurologic diseases. However, the importance of developing a therapeutic intervention that would reduce or eliminate epilepsy in those known to be at high risk (a population often easy to identify) would be a major contribution to reducing the burden of one of the most disabling neurologic conditions, and research in this endeavor is clearly too valuable to stop because of either the cost or difficulty. In the following sections, we will elaborate on the challenges and attempt to point towards practical solutions to some of these issues in order to encourage and facilitate future research in anti-epileptogenesis.
Challenges to Clinical Testing of Agents for Epilepsy Prevention
The most important challenges of clinical testing of agents for epilepsy prevention are 2-fold. We need to have sufficient preclinical evidence for a suitable agent to proceed with a human trial of an anti-epileptogenic drug, and we need to examine the feasibility of doing such a trial.
Finding the Preclinical Evidence for a Suitable Anti-epileptogenic Agent
One of the most crucial early steps in planning a human study of an anti-epileptogenic agent is determining if the weight of preclinical evidence supports proceeding with a costly trial. This not only includes preclinical evidence for efficacy in preventing epilepsy, but also determining whether there are sufficient data to guide the dosing, timing, and duration of treatment in early human trials [17] . As, as discussed below, trials may long and complex, minimizing the risk of falsely rejecting a promising preclinical compound is critical when embarking on early clinical trials [6] . The proposed early phase II trial designs for assessing prevention of epilepsy and disease reversal need to be based on results of comparative, preclinical proof-of-concept studies. Appropriate biomarkers are needed to identify suitable high-risk human populations for early, small, phase II trials. Comparative phase II trials will determine differences from standard of care before investment in larger and much more costly confirmatory phase III studies. A major incentive to embark into early phase II studies will be the discovery of valid and drug-able targets, of target-related biomarkers, and of diagnostic methodology to identify the specific patient populations at high risk of developing epilepsy for prevention trials or having severe epilepsy for disease reversal studies. However, the animal data are not always clear. Issues of inadequate sample size, unblinded assessments, publication bias, and lack of methodological transparency have limited the interpretability of preclinical results in many diseases [11, 18, 19] . After many costly failed trials for stroke neuroprotection and amyotrophic lateral sclerosis using drugs that showed promise in animal models, these research communities have come together to create guidelines for preclinical studies increase the assurance of preclinical efficacy, and to determine the optimal dosing and the therapeutic window [20, 21] . Similar guidelines for antiepileptogenic therapy were recently proposed as part of a joint American Epilepsy Society/International League Against Epilepsy workshop on preclinical therapy discovery [19] . These guidelines stress preclinical studies beyond initial proof-ofconcept stage should be adequately powered, randomized, and employ blinded assessment. The trials should report clinically relevant primary endpoints, easily assessed in human trials, such as seizure frequency. The results should be reproducible across laboratories and, if feasible, across models. Finally, both positive and negative results should be published.
In assessing the preclinical data, it is also important to understand the limitations of the animal model in replicating the human condition of interest, which is almost always more heterogeneous. Commonly-used models for post-traumatic epilepsy, such as the lateral fluid-percussion model [22] , employ precisely delivered pressure waves to epidural space [23] . Human TBI is much more complex, often with effects distant to the site of injury and variable co-occurrence of potentially epileptogenic pathology, such as intraparenchymal hemorrhage and ischemia [24] . Therefore, until there is a particular model that has been validated for human antiepileptogenic therapy, demonstrating efficacy in multiple models may increase the odds of translational success.
Understanding the drug target will also provide guidance in designing anti-epileptogenesis trials. The development of spontaneous seizures after an epileptogenic insult has been theorized to result from cascade of events that occur in response to the injury [4] . Each putative event in such a cascade, such as activation of immune cells, disruption of the bloodbrain barrier, induction of apoptosis, and changes in gene transcription, may have a predictable time course. Some processes may be constitutively altered during the entire latent period, while others may only transiently increase and decrease. Drugs acting on a transient process will therefore be expected to have a therapeutic window outside of which administering the therapy will be ineffective in preventing epilepsy. Unless there is adequate understanding of the timing of target expression in humans following an epileptogenic insult, the therapeutic window used in human clinical trials will have to be extrapolated from the preclinical literature. However, if this initial guess is incorrect, the result may be a failed trial of a potentially beneficial drug. Assessment for target expression, if relevant, could be performed in parallel to tests of tolerability and efficacy in early (phase II) trials.
Special consideration should be given towards drug efficacy in preclinical trials. As no studies have shown antiepileptogenic effects in humans, the degree to which the magnitude of response in preclinical studies (as measured by percent reduction in seizure frequency, delay to seizure onset, or proportion of treated animals remaining seizure-free) is correlated to response in clinical trials is unknown. It is likely that the heterogeneity of the epileptogenic insult significantly affects the degree to which preclinical response rates can be used to estimate clinical response rates for the purpose of designing a trial; results from models of extremely variable insults such as TBI may be less informative than those in monogenic disorders such as tuberous sclerosis.
Finally, there is a distinction between compounds that have never been tested in humans versus repurposing drugs approved for other indications. Novel compounds will require additional animal and then human testing to determine safety and pharmacokinetics prior clinical trials for epilepsy prevention. A thorough understanding of the safety profile of a drug is needed to adequately assess the risk of therapy because, as discussed below, many participants will need to be exposed to the experimental drug to prevent one case of epilepsy after some injuries. Understanding the pharmacokinetics of a compound, novel or repurposed, is also instrumental in designing a human clinical trial. It is obvious that effective serum and brain drug concentrations seen in preclinical trials should be attainable in humans during the therapeutic window. However, determining pharmacokinetic feasibility may not be straightforward. Acute neurologic injury itself can alter drug metabolism and clearance [25] . In addition, following an acute injury, patients are often treated with many different medications and their effect on the experimental drug should be anticipated if it to be administered soon after the epileptogenic insult.
Finding Feasible Designs for Anti-epileptogenic Trials
Once there is sufficient biologic evidence to proceed with a human trial of an anti-epileptogenic drug, one must examine the feasibility of doing such a trial. Many factors contribute to trial feasibility, but solid understanding of the epidemiology of the targeted condition is necessary to plan successful trials. For compounds targeting a common epileptogenic insult, such as moderate-to-severe TBI (incidence 20-118 per 100,000 [26] ), identifying eligible participants is not likely to be a significant problem. However, less common epileptogenic insults, such as unprovoked status epilepticus, have lower incidence rates (estimated at 6.5 per 100,000 [27] ) requiring more trial sites or longer trial duration in order to accrue enough participants for a clinical trial. For trials of epilepsy prevention in genetic disorders with high rates of epilepsy, such as tuberous sclerosis, mechanisms by which presymptomatic individuals are identified need to be well worked out in advance.
Determining the sample size and duration of follow-up for an anti-epileptogenesis trial requires an understanding of the rate and time-course of unprovoked seizures following the injury. Insults with relatively low rates of epilepsy, such as stroke where as few as 2-12 % of individuals develop late unprovoked seizures [28] , will require large trials to demonstrate even large effect sizes. Conditions with a long latent period for epilepsy development require long follow-up periods, which increase trial costs and increase the risk for dropouts and loss to follow-up [29] . As it is not feasible to show that a test compound prevents epilepsy for the remaining life-time of the patient, a reasonable strategy would be to follow patients for several years and compare rates of epilepsy onset between anti-epileptogenic and control treatments. The duration of follow-up should be long enough to maximize the proportion of individuals expected to develop epilepsy. This will reduce sample size requirements.
The rate and time course of acquired epilepsy are also important contributors to number needed to treat (NNT) for a particular condition. Even before undertaking a trial, it is important to estimate what the expected NNT is as this will inform both the trial feasibility and, if the trial is successful in demonstrating an anti-epileptogenic effect, the likelihood a treatment will be clinically useful. An acceptable NNT is determined by careful consideration of burden of therapy compared with the burden of disease. Burden of therapy includes the risks of serious side effects related to antiepileptogenic drug treatment, the duration and manner of treatment, and treatment cost. The burden of disease may include the risk of developing epilepsy and the severity of epilepsy that develops after an insult, age at which epilepsy develops, the proportion of individuals who develop pharmacoresistance, and the effect of epilepsy-related comorbidities. For example, for a condition resulting in a 5 % rate of late, unprovoked seizures and a treatment that reduces the risk by 30 %, 67 patients would need to be exposed to treatment to prevent 1 case of epilepsy. If the treatment had a rate of serious adverse effects of 1/500, 1 patient who would have been unlikely to develop epilepsy would be harmed for about every 8 patients in whom epilepsy was prevented. This figure may be acceptable if the resulting epilepsy was severe or difficult to treat as pharmacoresistant epilepsy is associated with significant risks for morbidity and mortality [30, 31] . However, if the resultant epilepsy was easy to manage with standard anti-seizure medications, clinical trials of the experimental drug for this condition may be inappropriate because, even if positive, the treatment will be of limited clinical utility because patients and doctors will likely find the standard of care preferable.
Other factors that may influence the feasibility of a study include the mortality after an epileptogenic insult. If the trial is targeting epilepsy after an acute neurologic injury such as TBI and the intervention occurs soon after the insult, many participants will die after getting treatment, but before they have an opportunity to develop epilepsy because of high 30-day case fatality. While this should not have an effect on interpretation of the results unless the treatment has an effect on mortality, early deaths increase sample size requirements and trial costs.
Improving Trial Feasibility Through Biomarkers and Surrogate Endpoints
As discussed above, the proportion of patients who develop epilepsy after neurologic injury is relatively low for the many of the common causes of acquired epilepsy (Fig. 1) . One potential method to reduce the size of anti-epileptogenesis trials, limit the NNT, and enhance feasibility is to identify subpopulations that are high risk for developing epilepsy. For many acute neurologic injuries, epidemiologic studies have identified clinical features that increase risk of subsequent epilepsy. For instance, while the risk of developing epilepsy following viral encephalitis is about 10 %, patients who have acute seizures at onset have a 20 % chance of developing epilepsy [32] ; an epilepsy prevention trial enrolling this subset of individuals would need only be half the size as a trial studying all encephalitis patients. Biological markers, such as gene polymorphism, neuroimaging characteristics, or electrophysiological markers, may also be employed to select the subset of patients most likely to develop epilepsy [33] . While there are no validated human biomarkers to predict who will develop epilepsy, early results are promising. In moderate-tosevere TBI, a small study suggested that the presence of the apolipoprotein ε4 allele was associated with elevated risk of late unprovoked seizures with nearly half of the participants carrying the allele developing epilepsy [34] . Neuroimaging biomarkers to predict epilepsy risk are currently the subject of active clinical and preclinical investigation [35, 36] , but none Fig. 1 Proportion of individuals for 3 common causes of acquired epilepsy, traumatic brain injury (TBI), stroke, and status epilepticus who develop epilepsy and the contribution of these conditions to the overall burden of epilepsy. To prevent epilepsy due to status epilepticus (A) or TBI (C), patients (F or D, respectively) would need to be treated with an anti-epileptogenic drug after the insult. For patients who have TBI, the rates of subsequent epilepsy are low (C and D is approximately 10 % for all moderate-to-severe TBI at 3 years [46] ) and the majority of individuals exposed to anti-epileptogenic treatment would not have developed epilepsy anyway. In this case, the number needed to treat (NNT) to prevent 1 case of epilepsy is high. In contrast, a higher proportion of patients develop epilepsy after status epilepticus (A and F is approximately 68 % [47] ). The number of patients with status epilepticus exposed to an anti-epileptogenic drug to prevent on case of epilepsy is much lower. However, the effect of preventing epilepsy due to status epilepticus on the overall incidence of epilepsy is relatively low because it is a rare cause of epilepsy (A=3 %). Finally, the proportion of individuals who develop epilepsy after a stroke (B, E) is also relatively low and the NNT to prevent 1 case of post-stroke epilepsy if all patients who present after a stroke are treated would be high. However, if a biomarker identified after stroke associated with onset of epileptogenesis (shown in the schematic in yellow) can be used to select patients for anti-epileptogenic treatment, the NNT to prevent post-stroke epilepsy could be reduced significantly have been validated. Molecular biomarkers for epileptogenesis in humans, including transcriptional products that can be easily detected in the serum, have so far been elusive, but are theoretically appealing because they may also identify targets for intervention or markers of efficacy. Conducting anti-epileptogenesis trials that include a clinical risk factor or biomarker as inclusion criteria should be performed cautiously though because of potential threats to generalizability of the study results.
Surrogate endpoints are commonly used in assess treatments where the clinically meaningful endpoint is expected to have a long latency. Glycolated hemoglobin or low-density lipoprotein levels are well-known surrogate endpoints for clinical outcomes in diabetes and atherosclerosis trials, respectively. This approach is valid if levels of a putative surrogate endpoint are highly predictive for development of the clinical meaningful outcome [37] . Identification of a surrogate marker for epilepsy that manifests long before the first clinical seizure would make anti-epileptogenesis trials for conditions with a long latent period more feasible and less costly by shortening the observation period and reducing dropout risk. However, no such surrogate endpoint has yet to be identified and validated in humans.
In order to further highlight the impact of epidemiology of acquired epilepsies on anti-epileptogenesis trial feasibility, we have summarized the incidence of the insult, rates, and latency of subsequent epilepsy and estimate the required sample size and NNT for a trial of a hypothetical agent that is 30 % effective in preventing epilepsy for some common conditions that have been proposed as candidates for intervention in Table 1 . We have also highlighted some potential benefits and pitfalls to targeting particular conditions for antiepileptogenesis trials. While it is difficult to propose designs for epilepsy prevention trials without knowledge of the timing and duration of experimental treatment, we highlight some possible designs for clinical trials to assess anti-epileptogenic effects (Fig. 2) . Potential designs may include administration of an anti-epileptogenic drug or control treatment (ASD or placebo) for a period of time after the insult followed by withdrawal of treatment. For conditions with a short latent period to epilepsy onset, participants could be followed until they develop unprovoked seizures ( Fig. 2A) . A strategy whereby participants are monitored for seizures after epilepsy is typically established could be employed for conditions associated with a longer latent period provided there are adequate methods for participant retention during this time period (Fig. 2B) . Another strategy is to employ a delayed start of an experimental anti-epileptogenic treatment as a comparison group (with or without a third placebo or anti-seizure arm; Fig. 2C ). Delayed-start designs could be useful for treatments that have a window of time during which they most effectively engage the anti-epileptogenic process. Such delayed-start protocols have been employed to assess for disease modification in other neurologic disorders such as Parkinson's disease [38] .
Challenges of Clinical Trial Design to Assess Agents for Disease Modification
In order to assess disease modification, clinical trial designs need to demonstrate, after washout, changes of the long-term development or progression of epilepsy, such as development of pharmacoresistance, neurodegeneration, and cognitive or behavioral alterations compared with a control. Major challenges in trial design include the choice of suitable study parameters, the identification of a high-risk study population, the type of control, the time and duration of treatment, and a feasible follow-up period. In several ways, a trial of a disease modification would be easier to perform and present a more realistic and practical trial design than a trial of epilepsy prevention. Several studies have provided some preliminary information regarding the natural history of epilepsy, including rates of pharmacoresistance and patterns of remission during treatment with ASDs [1, 2, 39, 40] , which could inform study design and sample size determination. Furthermore, such studies may be easier to recruit participants for because, in essence, the target population is similar to that of conventional ASD trials and individuals could easily be identified at epilepsy centers. In addition, because the target population already has (or is at risk for) treatment-resistant epilepsy, patients and clinicians may tolerate an unknown or higher risk-benefit ratio in disease modification trials than in the epilepsy prevention studies discussed above. Furthermore, disease modification study may have broader ability to reduce the overall burden of epilepsy as the majority of people with epilepsy do not have acquired disease. Finally, the duration and the effect size of disease modification trials may be similar to that seen in add-on trials of ASDs. A 50 % reduction of seizure frequency versus baseline for 12 months after washout, for example, may be seen as evidence of efficacy similar to that observed in conventional ASD trials. A word of caution: as long we do not know the pharmacological features of the disease-modifying compound to be tested, it will be difficult to offer individual trial design solutions tailored to the specifics of the compound. Here we will offer general considerations on the options and limitations of trial designs for disease-modifying pharmacological therapy.
Trial Designs to Assess Disease-Modifying or Disease-Reversing Effects in Pharmacoresistant Epilepsy
Prospective long-term observations have shown that 3 subgroups exist among patients with pharmacoresistant epilepsy: those who have pharmacoresistant epilepsy continually since their first seizure and those who develop pharmacoresistant Table 1 Examples of common conditions and neurologic injuries that are associated with a high risk of developing epilepsy and associated epidemiology factors that affect the design of antiepileptogenesis trials in humans targeting these conditions. An estimate of numbers needed to treat and sample size are provided for each condition assuming a hypothetical treatment that is 30 % effective at reducing the risk of developing epilepsy epilepsy after years of being seizure-free [1] . In addition, there is a third subgroup of patients who will become seizure-free after years of having seizures that could not be controlled with ASDs [1] . Careful clinical observations have shown that the response and, correspondingly, the rate of pharmacoresistance to newly administered ASD treatments is highly dependent on the number of prior life-time ASDs [2, 41, 42] , and the number of seizures in the months prior to ASD initiation and in the first year after starting ASD treatment [39, 41, 42] . The seizure-free rates decreased from 61.8 % for the first ASD to 41.7 %, 16.6 %, and 0 % after 1, 2-5, and 6-7 past ASDs proved inefficient [41] . Thus, for every 1.5 ASDs that proved ineffective in the past the seizure-free rates decreased by 50 % [41] . Likewise, the percentage of patients with a > 50 % seizure frequency reduction to the newly administered ASD treatment dropped to 69.3 % after failure of 1 past ASD, 47 % after failure of 2-5 past ASDs, and 31 % after failure of 6-7 past ASDs [41] . Although participants entering randomized controlled add-on trials are not routinely stratified according to the number of prior life-time ASDs, post-hoc analysis is needed to confirm that the rate of nonresponse depends on the number of life-time ASDs in clinical trials. Based on this data from clinical observations, if confirmed in the analysis of RCTs, the chance of becoming seizure free is clearly reduced in patients relative to the number of ASDs that they have tried and which failed to eliminate seizures. While the response rate is clearly very low after so many anti-seizure drugs, the implication should not be that patients should not be tried on new anti-seizure drugs when they become available. Many experienced clinicians have a few patients that respond well to a new compound, despite many drug failures. This does not mean in itself that the epilepsy is progressing in all patients. One might argue that at the first presentation there are individuals that will not respond to any current ASDs and that it takes a certain number of attempts to identify those individuals, not because they are progressing during treatment. Regardless of whether the pharmacoresistant epilepsy exists from the start or has developed later, it might be advantageous to develop a disease-modifying therapy. A disease-modifying treatment, if successful, would transform pharmacoresistant epilepsy into ASD-responsive epilepsy. If ASDs can be successfully withdrawn following sustained seizure freedom for several years, the disease-modifying treatment may even turn out to have disease-reversing properties. Based on these observations, a comparative early-phase II trial design is proposed to assess a disease-reversing effect of a novel agent. Patients with focal seizures unresponsive to their first two lifetime ASDs would be randomized to either a standard 3-month add-on ASD plus placebo for a limited time or a standard add-on ASD plus the experimental diseasemodifying agent for a limited time before washout. Prior treatment with 2 lifetime ASDs were chosen as an example, as this is the minimum definition of pharmaoresistance NNT = number needed to treat; n/a = not applicable; TBI = traumatic brain injury; ICH = Intracranial hemorrhage; ApoE4 = apolipoprotein E4; f/u = follow-up; hx=history; FEBSTAT = FEBSTAT study [54] *A theoretical number needed to treat was calculated for a hypothetical intervention that reduces incidence of epilepsy at 3 years by 30 %. The number in parentheses represents the incidence figure used for the calculation if a range of incidence rates are reported in the literature. When no 3-year incidence rate was available in the literature, an estimate was made using linear extrapolation using available data. † A theoretical sample size per group was estimated for 30 % reduction in epilepsy incidence at 3 years assuming 80 % power and 5 % level of significance using an unadjusted sample size calculation for comparing 2 binomial proportions. The same incidence rate of epilepsy at 3 years used to calculate NNT is used to determine sample size. Sample size estimates do not account for case fatality. ‡
Likely an underestimate as it does not account for asymptomatic cases. § Prospective. ¶ Prospective study~20 % incidence recently proposed by the International League Against Epilepsy [43] . Depending on the preclinical profile of the diseasemodifying agent, suitable entry criteria, for example failure for up to 5 prior ASDs, or psychiatric or cognitive comorbidity, can be chosen. In addition, the participants should be screened for psychiatric comorbidity to assess a potential effect of the test compound on comorbidity. The duration of diseasemodifying treatment would be based on extrapolation from preclinical data that take into account the proposed mechanism of action and pharmacokinetic parameters of the agent. Seizure outcome would be monitored as in a standard antiseizure trial with an open 24-month extension period with unchanged study medication.
Patients with active epilepsy randomized to either arm would be compared for 50 % and 100 % seizure reduction versus baseline at 3 months or failure for any reason at the end of the 24-month extension (Fig. 3) .
Depending on the expected profile of the diseasemodifying agent, suitable study parameters may include measures of general health, reversal of pharmacoresistance, development of tolerance to the effect of the disease-modifying agent, and changes in behavioral comorbidity such as anxiety, major depression, and interictal dysphoria [44, 45] . For an epileptogenic insult with a short latent period for the onset of epilepsy, participants could be randomized to receive anti-epileptogenic (AEG) treatment or control (standard anti-seizure treatment or placebo) for a period of time after the insult. Participants would be followed for the onset of seizures during and after the treatment period. If anti-epileptogenic treatment is effective, the rate of developing unprovoked seizures would be lower in the AEG-treated group. (B) For an insult associated with a long latent period, the observation period could be delayed and participants could be assessed for seizure occurrence months to years after the insult provided few individuals are lost to follow-up during the delay. (C) An alternate strategy to demonstrate the disease-modifying properties of an experimental treatment is a delayed start design where participants are randomized to receive AEG treatment early after an insult or after some delay and then observed following the discontinuation of therapy. If the experimental treatment is truly disease-modifying, the proportion of participants who develop epilepsy will be higher in the late-treated group and early-treatment group will never "catch up" at the end of the observation period. A third comparison group that received standard antiseizure drug or placebo could be employed to improve the internal validity of the study Fig. 3 Schematics for possible design of disease modification trials in ongoing epilepsy. To assess a compound for its ability for disease modification, patients with epilepsy could be randomized to receive disease modification (DM) treatment or control (standard anti-seizure treatment) for a period of time. Patients would be followed for change of the chosen parameter, for example entering seizure remission (A) or change in seizure frequency (B) during DM treatment and following DM treatment withdrawal. If DM is effective, the rate of seizures would be lower in the DM group. The observation period could be prolonged and patients could be assessed for seizure occurrence months to years after the treatment provided enough patients are remaining in follow-up. If the experimental treatment is truly disease-modifying, the proportion of patients in remission will be higher at the end of the observation period
Looking Ahead
Although it is admittedly difficult to address specific challenges and options of drugs for anti-epileptogenesis and disease modification, or even disease reversal, if these compounds are not currently available, it may be useful to address general issues and options for trial design that the novel compounds for epilepsy treatment pose for clinical trialists once we have them. Given the challenges for preclinical testing of suitable compounds, the issues to find suitable biomarkers for high-risk populations and the extended follow-up that may be required to assess anti-epileptogenesis and disease modification, it may be worthwhile to remind us why we need to undertake such costly and time-consuming trials. The clinical answer is that we are probably at the end of our wits with conventional ASD treatment. No substantial advances have been made for adult patients with common seizure types and for the many patients with catastrophic childhood onset epilepsies [3] . One possible explanation why we did not advance dramatically with conventional ASDs in the cure of epilepsy is that we need to get away from purely symptomatic seizure treatment to epilepsy treatments that favorably affect the underlying disease [6] . Considering what kind of novel trial designs we may need once we have the novel anti-epileptogenesis and diseasemodification compounds is one aspect of ushering in a new era of epilepsy treatment which may be around the corner, we hope.
